Arabidopsis embryos follow a predictable sequence of cell divisions, facilitating a genetic analysis of their early development. Both asymmetric divisions and cell-to-cell communication are probably involved in generating specific gene expression domains along the main axis within the first few division cycles. The function of these domains is not always understood, but recent work suggests that they may serve as a basis for organizing polar auxin flux. Auxin acts as systemic signal throughout the life cycle and, in the embryo, has been demonstrated to direct formation of the main axis and root initiation at the globular stage. At about the same time, root versus shoot fates are imposed on the incipient meristems by the expression of antagonistic regulators at opposite poles of the embryo. Some of the key features of the embryonic patterning process have emerged over the past few years and may provide the elements of a coherent conceptual framework.
Introduction
Plants have an open body plan and make use of postembryonic branching to adapt to their environment. Each branch is a new axis of growth, providing vascular continuity between the higher order axis at its base and the meristem at its tip. The simplest manifestation of this plan, two apical meristems interconnected by a vascular cylinder, is realized in the embryo. Here, an attempt will be made to summarize and discuss recent progress towards understanding how a polar embryonic axis develops in Arabidopsis thaliana-a process beginning with the asymmetric division of the zygote and ending with the establishment of shoot and root fates at the poles of the globular embryo (for more comprehensive or comparative perspectives on plant embryogenesis, see Cairney and Pullman, 2007; Jenik et al., 2007; Chandler et al., 2008; Langdale, 2008; De Smet et al., 2010; Peris et al., 2010) . While many of the factors regulating embryonic development are now known, it is still largely unclear how they interact to facilitate the patterning process. Thus, some interpretations are necessarily speculative-they are put forward with the aim of fostering discussions and should be taken with a 'pinch of salt'.
Polarity of the zygote
The division of plant zygotes is typically asymmetric, resulting in daughter cells with inherently different properties. It seems rather hard to envisage a scenario in which cellular polarity would not play a key role in executing such a division, but, unfortunately, our understanding of the molecular machinery generating and maintaining cellular polarity in plants is poor (Abrash and Bergmann, 2010) . A large number of anatomical and ultrastructural studies reveal that plant zygotes take a relatively long time before dividing, exhibiting diverse and often dramatic cellular dynamics in the intervening hours or days (reviewed in Lersten, 2004) . For example, cotton zygotes shrink to about half the size of the egg cell, largely due to dissolution of the vacuole, while plastids, mitochrondria, and the nucleus accumulate at the apical pole (Pollock and Jensen, 1964) . The nucleus and vacuole of poppy zygotes are re-positioned to occupy opposite positions relative to the egg cell (Olson and Cass, 1981) . In Arabidopsis, the vacuole becomes fragmented after fertilization, and the zygote elongates 2-to 3-fold before a large vacuole is re-assembled (Faure et al.. 2002) ; and the zygotes of other Brassicaceae elongate even more (Ahuja and Bhaduri, 1956) . While the significance of these remodelling processes is not clear, each creates a visibly polarized cell, with its nucleus positioned at the apex (facing the chalaza) and its central vacuole at the base (facing the micropyle).
Which factors guide zygote polarity? In many animals as well as the brown alga Fucus, the sperm provides a polarizing cue, but recent experiments with isolated rice egg cells fertilized in vitro failed to reveal a correlation between the site of sperm entry and the first division plane (Nakajima et al., 2010) . An alternative possibility is that the zygote inherits its polar axis from the egg cell-in which case, of course, the question becomes how polarity of the egg arises. In the end, it seems either the egg cell or the zygote would have to respond to outside cues. This notion is supported by the observation that Arabidopsis zygotes often bend to direct their growth towards the centre of the seed (Lukowitz et al., 2004) , as if they can assess their position within the endosperm. Indeed, a recent hallmark study has demonstrated the existence of an instructive auxin gradient within the female gametophyte, which determines egg or synergid fate versus antipodal fate (Pagnussat et al., 2009) . It remains unclear, however, whether zygote polarity is instructed by auxin, or other hormones, such as giberellins and brassinosteroids (both of which affect cell elongation), or perhaps by signals originating from the maternal tissue at its base.
Zygote elongation and suspensor fate
Division of the Arabidopsis zygote results in a small apical and a large basal daughter cell. While the apical cell and its descendents grow isotropically and go through two rounds of longitudinal division and one round of transverse divisions to produce the spherical octant proembryo, the basal cell and its descendents continue to elongate (although to a much smaller extent than the zygote) and divide transversely to form the filamentous suspensor. Genetic evidence has implicated a cellular signalling pathway, named after its first described component YODA (YDA), in promoting both zygote elongation and suspensor fate. At the core of this pathway is a mitogen-activated protein (MAP) kinase cascade, consisting of the MAP kinase kinase kinase YDA (Lukowitz et al., 2004) and the functionally redundant MAP kinases MPK3 and MPK6 (Wang et al., 2007) ; the MAP kinase kinases of the module are not known, but in the leaf epidermis YDA and MPK3/MPK6 have been reported to act with MKK4, MKK5, MKK7, and MKK9 (Wang et al., 2007; Lampard et al., 2009) . Loss of this MAP kinase module as well as mutations in two other genes, SHORT SUSPENSOR and GROUNDED (SSP and GRD; Lukowitz et al., 2004) , result in zygotes that fail to elongate normally and produce basal daughter cells of severely diminished size. These diminutive basal cells show little growth and frequently divide in oblique or longitudinal planes, suggesting their developmental fate has been confounded. As a result, yda and mpk3;mpk6 embryos lack a well-formed suspensor, growing into oblong or coneshaped structures positioned above the micropyle (most grd and ssp embryos display a weaker phenotype, forming identifiable if rudimentary suspensors). By anatomical criteria, the embryos appear disorganized, and they often fail to develop. However, relatively normal seedlings are obtained occasionally, indicating that the patterning process can recover from the initial defect. Transgenic YDA variants, in which a constitutively active form of YDA is expressed from the endogenous promoter, result in the opposite effect to loss of the MAP kinase module: elongation of the zygote is exaggerated, and longer suspensors containing more cells than in the wild type develop, while growth of the apical cell and of the proembryo is suppressed. In some cases, the zygote only forms a filamentous stalk of cells without a recognizable proembryo (Lukowitz et al., 2004) . Friml et al. (2003) report similar phenotypes for embryos lacking multiple PIN auxin transporters, suggesting that auxin-and YDA-dependent signalling may act antagonistically; however, this idea remains to be explored. Thus, YDA-dependent signalling appears to trigger a developmental programme of elongation, transverse division, and extra-embryonic fate.
Activation of the YDA MAP kinase cascade in the zygote appears to be mediated by the SSP gene product, a member of the Pelle/IRAK/receptor-like superfamily (Bayer et al., 2009) . SSP is targeted to the plasma membrane by myristoylation/palmitoylation and contains a predicted interaction domain that is essential for function. In contrast, it probably does not possess or require kinase activity, suggesting that it acts by mediating protein-protein interaction at the plasma membrane. Consistent with this view, a genetic analysis places SSP upstream of the MAP kinase cascade in the YDA pathway. Mutations in SSP show an unusual parent-of-origin effect, in that the phenotype of the embryo is strictly dependent on the genotype of the pollen: wild-type pistils crossed with ssp pollen give rise to abnormal embryos with a malformed or non-recognizable suspensor, while ssp pistils crossed with wild-type pollen produce normal embryos. This paternal effect does not seem to be due to imprinting but rather to the specific expression of SSP transcripts in the sperm cells of pollen. Strikingly, a functional SSP variant tagged with a fluorescent protein moiety cannot be detected in pollen but weakly outlines the zygote after fertilization. These observations imply that SSP transcripts are produced in the sperm cells and delivered to the zygote, where SSP protein then accumulates transiently. Forced expression of SSP activates the YDA MAP kinase module in the leaf epidermis, where it regulates stomata density, suggesting that the presence of SSP protein is sufficient for activating the YDA MAP kinase cascade. By analogy, SSP protein transcribed from sperm-delivered transcripts may trigger activation of the YDA pathway in the zygote, essentially linking the onset of signalling to fertilization (Fig. 1) .
Does this imply that conventional cell surface receptors play no role in this signalling event? An important clue towards an answer comes from a phylogenetic analysis of the SSP gene. One of the closest relatives of SSP in the Arabidopsis genome is BRASSINOSTEROID-ASSOCIATED KINASE1 (BSK1; Tang et al., 2008; Kim et al., 2010) . BSK1 is part of the brassinoline receptor complex, becomes phosphorylated upon activation of the receptor BRI1, and presumably dissociates to direct activation of downstream targets. BSK1 and SSP were generated from a common ancestor in a whole-genome duplication event that occurred after the split of basal Brassicales, such as papaya, and the Brassica clade, including Arabidopsis. BSK1 and its orthologues show no detectable expression in pollen, while all SSP orthologues do (Liu and Adams, 2010) . Furthermore, BSK1 is under purifying selection and remains similar to the common ancestor, while SSP is evolving much more rapidly (Liu and Adams, 2010) . These observations raise the possibility that SSP is a relatively new addition to the YDA pathway, perhaps adapted in the context of parental conflict (Scott et al. 1998) to place growth of the suspensor, and thus nutrient flow to the embryo, under paternal control. Although this possibility remains to be investigated experimentally, a corollary would be that the ancestral YDA pathway included a cell surface receptor perhaps activated by a signal outside of the zygote. Since ssp mutations have a consistently weaker effect on zygote elongation and suspensor development than yda or mpk3;mpk6 mutations (Bayer et al., 2009) , it may well be that even in Arabidopsis extracellular signals contribute to YDA activation.
What are the cellular targets of the YDA MAP kinase cascade? The GROUNDED gene encodes a predicted transcription factor (SJ and WL, unpublished) , suggesting that the pathway may regulate gene expression. According to this view, YDA activity would implement suspensor fate in the zygote, the basal cell, and its descendents, while embryonic fates would be established only with the asymmetric division of the zygote in the apical daughter. Alternatively, the YDA pathway could directly regulate the cellular machinery responsible for elongation of the zygote. In this case, the effects on cell fate would result from the small size of mutant zygotes prior to division, for example by affecting the segregation of determinants to the daughter cells.
Relevance of parent-of-origin effects
Whereas the early stages of animal development are largely regulated by maternally provided factors, only a handful of genes with parent-of-origin effects have been reported in plants. These cases predominantly represent maternal control over seed growth and, thus, have been interpreted in the context of parental conflict over resource allocation to the progeny (Scott et al., 1998; Spillane et al., 2007) . Expansion of the integuments, which of course are organs of the maternal sporophyte, strongly affects endosperm development and final seed size (Garcia et al., 2005; Jofuku et al., 2005; Ohto et al., 2005; Ingouff et al., 2006) . Also, although the sperm supplies factors that can trigger proliferation of the central cell even in the absence of karyogamy (Aw et al., 2010) , gene expression in the endosperm is directly controlled by the maternal gametophyte through epigenetic regulation of the MEDEA/FER-TILIZATION INDEPENDENT SEED Polycomb repressive complex (reviewed in Berger and Chaudhury, 2009) .
In comparison, the impact of parental factors on the zygote and early embryo is less well understood. Surveys employing reporter genes and allele-specific PCR for assaying gene expression in the zygote and early embryo have revealed several Arabidopsis loci that appear to be expressed predominantly from their maternal allele, and it has been proposed that the paternal genome remains silent for some time after fertilization (Springer et al., 1995 (Springer et al., , 2000 VielleCalzada et al., 2000) . In support of this view, a recent study has found dramatically lower levels of phosphorylated (i.e. active) RNA polymerase II in the zygote and early embryo compared with the endosperm (Pillot et al., 2010) . Does it follow that early development largely relies on transcripts and/or proteins handed down from the female gametophyte? The available genetic evidence does not entirely concur. Reciprocal crossing experiments with gnom and yda mutations, which both affect the early embryo, show that a wild-type paternal allele is sufficient for normal development from the zygote stage onwards (Weijers et al., 2001; Lukowitz et al., 2004) . In addition, although no systematic search has been reported, a number of recessive Mendelian mutations arresting development at the zygote stage are known. These mutations identify a wide variety of cellular functions that are clearly essential and not provided by the gametophytes, such as an AMP deaminase (EMBRYONIC FACTOR 1 or FAC1; Xu et al., 2005) , Exportin 1a and 1b (Blanvillain et al., 2008) , Cullin1 (Shen et al., 2002) , Miro GTPase (Yamaoka and Leaver, 2008) , thymidylate kinase (Ronceret et al., 2008) , and a nucleolar WD40 protein (Li et al., 2010) . Expression of a pollen-provided FAC1 reporter gene is observed within 3 h after fertilization (Xu et al., 2005) although FAC1 transcripts are below the level of detection in sperm cells, suggesting that the mRNA has to be produced in the zygote.
Using laser-assisted microdissection or cell sorting techniques, a number of laboratories are generating increasingly detailed expression maps of most cell types involved in reproductive development, including sperm cells, the cells of the egg apparatus, the endosperm, and the globular embryo (Honys and Twell, 2004; Spencer et al., 2007; Borges et al., 2008; Le et al., 2010; Wuest et al., 2010) ; profiles of the zygote and its daughter cells are rather difficult to obtain and have yet to be published. According to these maps, the expression profiles of the gametes and the embryo are different but they are more closely related to each other than to more mature tissues of the sporophyte. This observation is perhaps most consistent with a steady, gradual conversion from gametophytic to zygotic gene activity as opposed to a sharp maternal to zygotic transition found in many animals (reviewed by Schier, 2007; Tadros and Lipshitz, 2009 ). Thus, it seems likely that plant zygotes and early embryos can at least in some cases act autonomously, and the notion that they largely do so when it comes to development seems, at present, hard to refute.
Domains of gene transcription along the apical-basal axis
Indeed, work on WUSCHEL-related homeobox (WOX) transcription factors implies that generating spatially restricted transcriptional domains along the apical-basal axis drives embryonic patterning from the earliest stage. WOX genes form a plant-specific family of transcription factors that has expanded significantly after the colonization of land and probably obtained the structure found in Arabidopsis today before the split of angiosperms and gymnosperms (i.e. coinciding with the evolution of seed; Nardmann et al., 2009) . WUSCHEL, the first identified member, and WOX5 are expressed in the organizing centre of the shoot and root meristem, respectively, where they promote stem cell fate (Mayer et al., 1998; Sarkar et al., 2007) ; WOX5 is also expressed in the provasculature. While not all family members have been analysed in detail, the functional interactions uncovered so far are complex, involving partial redundancy as well as regulation of other members.
In the early embryo, WOX8, WOX9/STIMPY (STIP; Wu et al., 2007) , and WOX2, members of two different subclades, are expressed in dynamic, complementary patterns that, in combination, define four domains along the apical-basal axis of the 8-cell embryo ( Fig. 2; Haecker et al., 2004) . WOX2 transcripts accumulate in the zygote, become restricted to the apical cell and its descendents, and then further restricted to the upper tier of the 8-cell proembryo. WOX8 transcripts are also present in the zygote, but only persist in the basal cell and the suspensor. WOX9 transcripts are first detected in the basal daughter of the zygote, and become restricted to the uppermost suspensor cell before expanding into the lower tier of the 8-cell proembryo. The corresponding maize orthologues of these genes are expressed in domains with a similar relative arrangement, suggesting broad functional conservation among flowering plants (reviewed in Chandler et al., 2008) . Loss of WOX2 has only relatively mild consequences, resulting in aberrant divisions at the apex of the globular proembryo and occasionally seedlings with a single cotyledon. However, removing three other genes of the WOX2 subclade, WOX1 (most strongly expressed in the provasculature), WOX3/PRESSED FLOWER (PRS; most strongly expressed at the tips of cotyledon primordia and the margin of floral organs; Matsumoto and Okada, 2001; Haecker et al., 2004) , and WOX5, dramatically enhances this phenotype and results in shootless embryos (Breuninger et al., 2008) . Since this effect is only observed in a wox2 mutant background, while wox1;wox3/prs;wox5 plants have relatively normal shoots, WOX2 was proposed to be the predominant regulator of apical patterning in the family.
WOX8 and WOX9/STIP, although expressed in the basal cell and the suspensor of the early embryo, appear to act non-autonomously on the apical cell and the proembryo. Double mutant zygotes elongate and divide normally, but the apical cell fails to produce a proembryo and instead forms a finger-like outgrowth of vacuolated cells (Breuninger et al., 2000; Wu et al., 2007 , report that some stip mutations cause embryo lethality even in the presence of a wild type WOX8 allele). Consistent with this conclusion, expression of a DR5 reporter construct, which is normally confined in the uppermost few cells of the suspensor, expands to cover the entire apex of double mutants, and several genes normally expressed in the proembryo are undetectable in wox8;wox9 embryos. Among these genes are PIN-FORMED1 and WOX2, implying that after division of the zygote WOX8 or WOX9/STIP expression in the basal cell is required for WOX2 expression in the apical cell. Independent WOX2 expression in the zygote and early embryo of wox8;wox9 double mutants indeed suppresses some aspects of the double mutant phenotype, restoring PIN1 and restricting expression of a DR5 reporter. Surprisingly, it also blocks elongation of the zygote and the formation of a suspensor, similar to mutations in the YDA pathway. This effect is not observed by independent expression of WOX2 in wild-type embryos, perhaps because WOX8 can act to neutralize WOX2 function in the zygote. It implies that WOX2 acts antagonistically to YDA and suggests a simple, speculative scenario for the regulation of YDA signalling in the daughter cells of the zygote (Fig. 2) : WOX8 and WOX9 mediate WOX2 transcription in the apical cell, and WOX2 (among other activities) counteracts YDA signalling to facilitate development of the apical cell into the proembryo. It remains open how WOX8 and WOX9 expression is confined to the basal cell, and how the two genes act on WOX2. Differential expression in the daughters of the zygote could be mediated by cell-cell interactions, for example by signals from the seed coat to the base of the zygote/basal cell, and from the basal to the apical cell. Alternatively, WOX gene expression may be regulated by determinants that become distributed unequally between the apical and basal cell.
Auxin flux and regulation of the proembryo boundary
WOX genes identify four gene expression domains in the early embryo. However, single mutations have no or only minor effects, while multiple mutations completely disrupt embryonic development. Thus, it has been difficult to assess the role of these domains in the patterning process. Recent work on the GATA-type transcription factor HANABA TARANU (HAN) reveals that misregulation of gene transcription in one of these domains can dramatically and specifically change the embryonic fate map (Nawy et al., 2010) . Although expressed more broadly than the WOX genes (in the zygote, the apical cell, and the entire proembryo), loss of HAN primarily affects transcription in the lower tier from the time when this domain is first created at the 8-cell stage. Several genes typically active in the proembryo are not expressed in the lower tier domain of mutants, whereas the expression of transcripts normally accumulating in the suspensor expands into the lower tier. These results suggest that the boundary between the suspensor and proembryo is shifted apically in the mutants. In support of this view, the base of han embryos is occupied by large, vacuolated cells that divide slowly and in aberrant planes. At the globular stage, none of the anatomical hallmarks of the embryonic axis or the root primordium can be found. However, despite these defects, han mutants often recover to develop into complete seedlings.
How can this phenotype be rationalized? The earliest known targets of HAN are two members of the PIN-FORMED family of auxin efflux carriers, PIN1 and PIN7. Auxin flux in the early embryo is organized in two waves  Fig. 3 ). Initially, auxin is thought to be funnelled toward the developing proembryo by PIN7, which accumulates in the apical membrane of the basal cell and its descendents. PIN1, which is expressed in the proembryo, does not show polar distribution at first but becomes preferentially localized to the basal membrane of the provascular cells (the central cells of the lower tier) by the early globular stage, establishing apical-basal auxin flux. Consistent with the view that auxin is transported from the proembryo toward the suspensor, DR5 reporters of auxindependent transcription, containing a synthetic array of consensus binding sites for auxin response factors fused to a minimal promoter, become strongly expressed in the uppermost suspensor cell or hypophysis (of note, DR5 expression in the root does not strictly correlate with auxin concentration; Petersson et al., 2009 ). It remains largely unknown which factors regulate the dynamics of auxin transport in early development. PIN gene expression in the proembryo is promoted by WOX8/WOX9, the auxin response factor MONOPTEROS (MP/ARF5; Weijers et al., 2006) . and the lateral organ boundary gene JAGGED LATERAL ORGANS (JLO; Borghi et al., 2007; Bureau et al., 2010) . Loss of MP or weak alleles of JLO result in embryos that either completely lack an anatomical axis or have malformed hypocotyl and root primordia, suggesting that auxin flux has been disrupted or strongly dampened (null alleles of JLO arrest as large globular structures, suggesting that the gene has other targets as well). In Fig. 3 . Auxin transport and responses in the pre-globular and globular embryo. Two waves of auxin flux have been proposed on the basis of dynamic polar PIN protein localization and the expression of a DR5, a reporter of auxin-dependent transcription; WOX2, together with other WOX genes, and MP are required for the expression of PIN1 in the proembryo; HAN is required for PIN1 expression in the lower tier domain and for restricting PIN7 expression to the suspensor. contrast, loss of HAN causes a coordinated apical shift of the PIN7 and PIN1 expression domains. Beginning at the 8-cell stage, PIN7 accumulates in the apical membrane of the lower tier cells, while PIN1 remains restricted to the upper tier. A DR5 reporter construct becomes strongly expressed throughout the lower tier of globular han embryos, confirming that the altered configuration of the PIN transporters has dramatically re-directed auxin flux.
Auxin is, of course, a pervasive signal with profound effects on the embryonic patterning process (reviewed in Möller and Weijers, 2009 ). The role of auxin before the 16-cell stage is open to debate, as auxin mutants generally have weak or no effects, and the expression of DR5 reporters is low or undetectable. For example, gnom mutations, which disrupt endosomal recycling of PIN auxin transporters and, presumably, other proteins (Geldner et al., 2003) , can cause aberrant divisions from the zygote stage onward (Mayer et al., 1993) , and multiple mutations in pin genes delay or abolish development of the early proembryo , but none of these effects is fully penetrant. It seems clear, however, that apical to basal auxin transport across the proembryo signals establishment of the main axis, and that a basal 'auxin maximum', as visualized by DR5 reporter constructs, is required for root formation. In the wild type, the root is initiated by inductive signalling across the boundary between proembryo and suspensor, marked by the expression domains of PIN1 (apically) and PIN7/ DR5 reporters (basally). This boundary is shifted to the cells between the lower and upper tier in han and coincides with the position around which the root is eventually organized in the mutants. Does the aberrant development of han embryos entirely follow from the re-direction of auxin flux, implying that the auxin signal is both necessary and sufficient for triggering root initiation in the embryo? The possibility cannot be dismissed for han; however, but in the wild type, signalling across the proembryo boundary appears to be more complex.
Division of the hypophysis and root initiation
Initiation of the root apical meristem can be traced back to the asymmetric division of the uppermost suspensor cell, or hypophysis, at the late globular stage (Fig. 4) . This division produces an apically located, lens-shaped daughter, the progenitor of the quiescent centre, and a large basally located daughter that gives rise to the distal root cap. Genetic analysis has established that root initiation is dependent on auxin signalling. For example, loss of the auxin response factor MONOPTEROS (MP/ARF5) or auxin-insensitive alleles of its repressor BODENLOS (BDL/ IAA12) result in rootless seedlings (reviewed in Mö ller and Weijers, 2009); loss of both MP and its closes paralogue in the Arabidopsis genome, NPH4/ARF7, has an even more drastic effect, resulting in blimp-shaped seedlings that lack vasculature as well as root or shoot organs (Hardtke et al., 2004) . MP and BDL activity is confined to the proembryo, implying that they act non-autonomously. Indeed, forced expression of MP in the centre of the proembryo is sufficient to induce hypophysis division and restore root formation in mp mutants (Weijers et al., 2006) . What are the signals mediating this inductive event? The likely primary function of MP in embryo patterning is to facilitate the establishment of apical to basal auxin transport and, thus, the main body axis, by promoting the expression of PIN1 and other genes in the proembryo. According to this view, auxin accumulation in the hypophysis may serve as a trigger for root formation. However, exogenous application of auxin is not sufficient to restore root formation in Fig. 4 . Initiation of the root stem cell niche by inductive signalling. Two of the signals relayed from the proembryo to the hypophysis to induce root formation have been identified: polar, apical to basal transport results in auxin flux toward the hypophysis of globular embryos; the TMO7 transcription is activated by MP in the proembryo, but mobile TMO7 protein also accumulates in the hypophysis; after the asymmetric division of the hypophysis, auxin-dependent activation of the repressors ARR7 and ARR15 down-regulates cytokinin responses in the basal daughter cell. mp mutants, although it does result in strong activation of DR5 reporters throughout the suspensor.
A survey of direct MP targets has now implicated a group of basic helix-loop-helix (bHLH) transcription factors, particularly TARGET OF MONOPTEROS 7 (TMO7), in root induction (Schlereth et al., 2010) . Reducing TMO7 expression in the early embryo causes aberrant divisions of the hypophysis and its descendents, while expression of TMO7 from the MP promoter partially suppresses the embryo phenotype associated with a weak mp allele. Thus, TMO7 appears to mediate a subset of MP-dependent functions in root initiation. As predicted for a target gene of MP, TMO7 transcripts are produced specifically in the proembryo. However, TMO7 protein accumulates not only in the basal proembryo but also in the hypophysis, indicating that TMO7 is mobile and may act as a signal. In support of this view, forced expression of TMO7 only in the hypophysis and suspensor is sufficient to alleviate developmental defects associated with a weak mp allele. These findings reveal that TMO7 is one of the MP-dependent factors acting in the hypophysis to promote root initiation.
TMO7 is part of a small subfamily of bHLH proteins that lack a recognizable DNA-binding domain and probably function by interacting with other transcription factors. This family has also been implicated in brassinosteroid and gibberellin signalling (Lee et al., 2006; Wang et al., 2009; Zhang et al., 2009) , suggesting a potential role in integrating the output of several hormone signal transduction pathways. While the role of brassinosteroids or gibberellins in the embryo is unclear, the interplay of auxin and cytokinin signalling has been shown to regulate cell fate decisions in the incipient embryonic root (Mü ller and Sheen, 2008) . Cytokinin affects gene expression through two families of response regulators, B-type activators and A-type repressors. A reporter of cytokinin-dependent transcription, termed TCS and containing an array of consensus binding sites for B-type activators fused to a minimal promoter, is strongly expressed in the suspensor of globular embryos including the hypophysis. After division of the hypophysis, expression of the TCS reporter drops in the basal daughter cell, destined to produce the distal root cap, but remains high in the suspensor as well as the lens-shaped daughter cell (Fig. 4) . Conversely, DR5 reporters of auxin-dependent transcription remain strongly expressed only in the basal daughter of the hypophysis but fade in the lens-shaped cell. Thus, auxin and cytokinin seem to have an antagonistic relationship. In support of this view, auxin response elements, the binding sites of auxin response factors (ARFs), have been shown to mediate activation of the repressive A-type response regulator ARR7 and ARR15 genes in the basal daughter of the hypophysis. Preventing ARR7 and ARR15 activity in the early embryo by RNA interference (RNAi) abolishes or reduces the expression of WOX5, SCARECROW, and PLETHORA1, transcription factors required for maintaining the root stem cell niche, and disrupts root formation.
Which factors are responsible for activating A-type response regulators as well as the DR5 reporter in the hypophysis and its basal progenitor? The only two ARFs known to be required for embryonic patterning are MP and NPH4, but both genes are only expressed in the proembryo and, after division of the hypophysis, the lens-shaped cell (a pattern roughly complementary to the expression of DR5 reporters; Hamann et al., 2002; Fig. 4) . Overexpression of a microRNA targeting transcripts of ARF10, ARF16, and ARF17 has recently been found to cause aberrant divisions in the suspensor and basal proembryo . However, the contribution of these or other ARF genes to auxin signalling in early development remains to be characterized.
Establishment of root versus shoot fates
Gene expression patterns in the incipient meristems become increasingly complex as the embryo develops beyond the globular stage, but this process is beyond the scope of this review. With respect to embryonic polarity, perhaps a different issue is more pertinent. Both apical meristems are organized by a similar set of signalling pathways and transcriptional regulators-for example, auxin, cytokinin, and WUS/WOX5 homeodomain proteins all play comparable roles in regulating the stem cell population and providing positional values in the shoot as well as the root (Benkova et al., 2003; Sarkar et al., 2007; Müller and Sheen, 2008; Zhao et al., 2010) . This may not be entirely surprising, as the two apical meristems share a common phylogenetic origin. Yet, the shoot and root meristems give rise to fundamentally different organs, indicating that organizers common to both need to be interpreted in a context-dependent manner. When and by which mechanism is the difference between shoot and root first established? Two classes of transcription factors have emerged as candidate 'master regulators', required and, at least in some tissues, sufficient for imposing root versus shoot fates: the PLETHORA (PLT) family of AP2-domain proteins; and the class III homeodomain leucine-zipper (HD-ZIPIII) proteins (Fig. 5) . PLT proteins show a graded distribution in the mature root and specify positional values along the long axis in a concentration-dependent manner (Galinha et al., 2007) . PLT expression in the root is promoted by auxin, and it has been proposed that the proteins provide an instructive readout of auxin distribution. In the embryo, PLT1 mRNA found throughout the lower tier at the early globular stage and later becomes confined to the vascular precursors in the centre of the proembryo as well as the incipient quiescent centre. Maintenance of PLT1 transcription, but not PLT1 transcription at the early globular stage, is dependent on MP/ARF5 (Aida et al., 2004) . These observations are consistent with the view that a PLT domain at the basal pole of the embryo is set up independently of auxin, but fades if a main axis or polar auxin flux is not established. Single plt mutants show only mild phenotypes in the root meristem, but loss of two or more PLT genes causes progressively severe defects, including rootless seedlings and embryo lethality (Galinha et al., 2007 ; an analysis of the multiple mutant embryos has not yet been reported). Indirect evidence for a role for PLT genes in embryonic patterning comes from the dominant-negative topless-1 (tpl-1) mutation, which causes a conditional transformation of the embryonic shoot into a root or root-like structures. TPL functions as a co-repressor for EAR-domain-containing transcription factors and has been linked to modifiers of epigenetic chromatin markers (Long et al., 2006; Szemenyei et al., 2008 ; BDL and other IAA proteins require TPL as a co-repressor). PLT genes are direct targets of TPLmediated repression, and the homeotic effect of tpl-1 is caused by ectopic expression of PLT genes in the shoot apex of mutant embryos (Smith and Long, 2010) . Similarly, forced expression of PLT1 in the shoot of seedlings can induce the formation of ectopic root-like structures (Galinha et al., 2007) . By analogy, PLT expression at the base of the developing embryo is probably responsible for specifying root fates in this domain.
Genetic interaction with tpl-1 also casts the HD-ZIPIII transcription factors as key regulators of shoot fates (Smith and Long, 2010) . HD-ZIPIII proteins function in the shoot, promoting 'adaxial' fates in lateral organs and 'central' fates in the meristem (reviewed in Engstrom et al., 2004) ; lateral organ polarity can be interpreted as an extension of the radial pattern at the apex (Emery et al., 2003) . HD-ZIPIII genes are expressed broadly at the apex of early globular embryos, as well as the adaxial portion of the cotyledon primordia and the provascular tissue later on, but transcripts are excluded from the quiescent centre of the developing root. Only loss of multiple HD-ZIPIII genes affects embryonic patterning, resulting in pin-formed seedlings lacking a shoot apical meristem and with reduced central vasculature (Prigge et al., 2005) . The transcripts of all HD-ZIPIII genes are predicted to be negatively regulated by miR165/166 (Tang et al., 2003) , an ancient family of microRNAs presumably present in all land plants (Floyd and Bowman, 2004) . MicroRNA-dependent degradation prevents lateral or basal expansion of the expression domains and limits transcript abundance. Point mutations in the microRNA-binding sites of the transcripts give rise to semi-dominant alleles. Such alleles cause no obvious or only subtle defects in the embryo, but interfere with normal development of lateral organs and the shoot vasculature (Engstrom et al., 2004; Ochando et al., 2006) . More dramatic gain-of-function phenotypes are observed with strong alleles of the Zn-finger gene SERRATE (SE), which disrupt microRNA biogenesis: se-5 embryos develop normally up to the globular stage but then fail to maintain an axis and to initiate a root (Grigg et al., 2009 ). This effect is largely due to ectopic expression of the HD-ZIPIII genes PHABU-LOSA and PHAVOLUTA in the incipient root meristem, suggesting that HD-ZIPIII genes can act to suppress root fates. In support of this view, microRNA-resistant alleles of HD-ZIPIII genes suppress the formation of ectopic roots or root-like structures in tpl-1 mutants and severely enhance the effect of plt loss-of-function alleles. Furthermore, forced expression of microRNA-resistant HD-ZIPIII variants at the base of the embryo using the PLT2 promoter is sufficient to cause homeotic transformation of the incipient root into a shoot (Smith et al., 2010) . Although the mechanistic basis for the antagonistic effect of PLT and HD-ZIPIII genes remains to be determined, these observations suggest that domain-specific expression of HD-ZIPIII and PLT transcription factors establish shoot and root fates at the poles of the globular embryo.
Summary and perspective
Formation of the main axis appears to be completed by the globular stage, when the embryo has ;150 cells, and key features of the process have emerged over the past few years. An asymmetric division of the zygote creates the progenitors of the proembryo and the suspensor. Within the proembryo, novel domains of gene expression are generated in virtually every round of cell division, presumably reflecting functional differentiation. Domain-specific expression and polar intracellular localization of efflux carriers establishes apical to basal auxin transport over the 32-cell proembryo. Auxin-dependent signalling mediates root initiation through inductive signalling across the boundary between proembryo and suspensor. Root versus shoot fates are imposed on the incipient meristems by the expression of antagonistic master regulators at opposite poles of the embryo.
While we thus now have a reasonably clear outline of the apical-basal patterning process, it seems difficult to assemble the elements into a coherent framework: too many connections are unknown; too many components obviously missing. Clearly, transcription factors play a key role, but most of them stand relatively isolated. How is WOX2 expression connected to PIN1 expression? How is PLT expression connected to auxin signalling and MP? Which factors act in concert with TPL to mediate repression of PLT? Continued adaptation of genomic techniques, such as expression profiling and chromatin immunoprecipitation, to samples derived from very few cells will probably facilitate a more systematic analysis of the transcriptional networks operating in the early embryo. Such an analysis will also yield a better understanding of the different cell fates and their molecular basis.
Many transcription factors implicated in embryonic development appear to have non-cell-autonomous effects, but only rarely have the intercellular signals been identified. Transcription factors can be mobile, such as TMO7, and directly act as signals, but there also seems to be room for more conventional pathways involving surface receptors (Nodine et al., 2007) or hormones (other than auxin). Finally, it will probably be impossible to understand embryonic polarity without understanding cellular polarity. Asymmetric divisions and dynamic polar transport of PIN proteins are at the core of the patterning process and both rely on the interpretation of cellular coordinates. As virtually nothing is known about the mechanisms generating and maintaining polarity in plant cells, this will perhaps be the hardest problem to solve.
